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dbSNP

:   data base for single nucleotide polymorphism

INPS

:   impact of non‐synonymous mutations on protein stability

mCSM

:   mutation cutoff scanning matrix

NCBI

:   National centre for biotechnology information

PolyPhen

:   polymorphism phenotyping

PROVEAN

:   protein variation effect analyzer

SDM

:   site directed mutator

SIFT

:   sorting intolerant from tolerant

1. INTRODUCTION {#prp2538-sec-0001}
===============

SNPs are modifications occurring in a specific region of the genome, on a single nucleotide. There has been great interest in SNPs discovery since these are responsible for the majority of the genetic variations among the human population, and are expected to facilitate large‐scale genetic association studies.[1](#prp2538-bib-0001){ref-type="ref"} SNPs in coding regions are either synonymous, if they do not affect the protein sequence, or nonsynonymous (nsSNP) if they change the amino acid sequence of the codified protein. The nsSNP can be further divided into missense, if the nucleotide modification gives rise to a different amino acid residue, and nonsense, when the point mutation results in a premature stop codon that leads to a truncated form of the protein. Although the majority of the nsSNPs are phenotypically neutral, some of them can alter the structure and function of a protein, leading in some cases to disease associated conditions.[2](#prp2538-bib-0002){ref-type="ref"}, [3](#prp2538-bib-0003){ref-type="ref"}, [4](#prp2538-bib-0004){ref-type="ref"}

Aldehyde oxidase (AOX) belongs to the XO family of mononuclear molybdenum enzymes and is mainly involved in the metabolism of drugs and xenobiotic compounds. The human enzyme (hAOX1) is mainly expressed in the liver as a homo‐dimer, and each 150 kDa monomer consists of three different domains: the small *N*‐terminal domain I (20 kDa) with two spectroscopically distinct \[2Fe‐2S\] clusters; the central FAD domain II (40 kDa); and the *C*‐terminal catalytic domain III (90 kDa) which encloses the molybdopterin cofactor (Moco) (Figure [1](#prp2538-fig-0001){ref-type="fig"}). Two linker regions (linker1 and linker2) are responsible for connecting domain I to II, and domain II to III, respectively (Figure [S1](#prp2538-sup-0001){ref-type="supplementary-material"}). The true physiological function of hAOX1 is unclear but it is known to be responsible for the failure of several phase I clinical trials, due to its diverse catalytic activity that include oxidations, hydrolysis of amides, and reductions.[5](#prp2538-bib-0005){ref-type="ref"}, [6](#prp2538-bib-0006){ref-type="ref"}, [7](#prp2538-bib-0007){ref-type="ref"}, [8](#prp2538-bib-0008){ref-type="ref"}, [9](#prp2538-bib-0009){ref-type="ref"} The interest in hAOX1, as a drug‐metabolizing enzyme, has increased in the past decade since its activity affects the metabolism of different drugs and xenobiotics, some of which designed to resist other metabolizing enzymes (eg cytochrome P450 monooxygenase isoenzymes). In the 1990s, studies using human liver extracts showed variations in the oxidation of known hAOX1 substrates, such as N1‐methylnicotinamide and benzaldehyde,[10](#prp2538-bib-0010){ref-type="ref"} and since then, differences in hAOX1 activity have been attributed to factors such as gender, age, cigarette smoking, drug usage, and disease states.[7](#prp2538-bib-0007){ref-type="ref"}

![Overall representation of the hAOX1 homodimer and location of the most relevant nsSNPs in the hAOX1 structural domains. Domains I, II, and III are colored in blue, green, and orange, respectively](PRP2-7-e00538-g001){#prp2538-fig-0001}

Although more than 700 SNPs are reported in dbSNP,[11](#prp2538-bib-0011){ref-type="ref"} only few of them were studied in detail. Smith and coauthors[12](#prp2538-bib-0012){ref-type="ref"} suggested that N1135S polymorphism affects the metabolism of azathioprine, which might lead to nonresponse in the treatment of inflammatory bowel disease. Moreover in an independent study of the functional characterization of variants allowed the classification of the individuals mainly as fast‐metabolizers, poor‐metabolizers and individuals with no effect on the catalytic efficiency of hAOX1.[13](#prp2538-bib-0013){ref-type="ref"} Recently, Foti et al showed, using biochemical assays, that hAOX1 activity is not altered for some nsSNPs (S1271L, H363Q, A437V, L438V), while in other cases, the protein i) is unstable and cannot be produced (C44W); ii) is inactive (G1269R); iii) shows increased activity (G46E) and iv) shows decreased activity (G50D, R433P, G346R, A439E, R1231H, K1237N).[14](#prp2538-bib-0014){ref-type="ref"}, [15](#prp2538-bib-0015){ref-type="ref"}

The only disease associated condition related with hAOX1, known so far, is the disorder of the purine metabolism caused by XO and AOX combined deficiency and named type II xanthinuria. Mutation of human Moco sulfurase gene is responsible for classical type II xanthinuria, due to the failure of the mechanism responsible for inserting the essential sulfur atom into the active center of hAOX1 and XO.[16](#prp2538-bib-0016){ref-type="ref"} The presence of nsSNPs in hAOX1 leading to loss of the Moco insertion may also be related with the presence of type II xanthinuria disease conditions and should be further investigated.

To the best of our knowledge, the only reported pharmacogenetic study related with hAOX1 was that of patients treated with a synthetic derivative of quinoxaline phenoxypropionic acid (XK469), which is a selective topoisomerase II β inhibitor, eliminated mainly via hAOX1 metabolism.[17](#prp2538-bib-0017){ref-type="ref"} A gene study was performed to investigate whether the genetic variation of hAOX1 contributed to interindividual variability observed in XK469 clearance. The study evaluated whether 41 hAOX1 nsSNPs and seven liver expression quantitative trait loci (eQTLs) were associated with XK469 plasma clearance, but the study was inconclusive and variability in XK469 clearance could not be attributed to polymorphisms in the AOX1 gene.

In this work, we utilized a collection of computational tools with concordance analysis approaches to predict putative phenotypic effects---deleterious or nondeleterious---and protein stability changes---stabilizing, destabilizing, or neutral---of all validated hAOX1 nsSNPs deposited in the dbSNP. The corresponding amino acid substitutions were grouped according to their location in the crystal structure, and possible structural implications were also discussed. This study constitutes the first extensive analysis for the presence of nsSNPs in hAOX1 and can be used to guide future pharmacogenetic, structural and functional studies regarding interindividual variability of the human enzyme.

2. MATERIALS AND METHODS {#prp2538-sec-0002}
========================

2.1. Identification of nsSNPs {#prp2538-sec-0003}
-----------------------------

The protein sequence and polymorphism data for hAOX1 were collected from UniProt[18](#prp2538-bib-0018){ref-type="ref"}, [19](#prp2538-bib-0019){ref-type="ref"} \[<http://www.uniprot.org/>\] and NCBI dbSNP[11](#prp2538-bib-0011){ref-type="ref"} \[<http://www.ncbi.nlm.nih.gov/SNP/>\] databases, respectively. Note that the NCBI dbSNP accepts information on SNPs derived from both experimental and computational methods, corresponding to SNPs with and without validation evidences, respectively. In this study, only the validated nsSNPs were used for analysis. Validation details was obtained from the 1000 Genomes browser, by cluster and by frequency.[11](#prp2538-bib-0011){ref-type="ref"}, [20](#prp2538-bib-0020){ref-type="ref"}, [21](#prp2538-bib-0021){ref-type="ref"}

2.2. Nonsynonymous nsSNPs analysis {#prp2538-sec-0004}
----------------------------------

We submitted the protein sequence of hAOX1 to eight bioinformatics tools to predict the functional consequences or putative phenotype effects of the nsSNPs: I‐Mutant 2.0,[22](#prp2538-bib-0022){ref-type="ref"} PolyPhen 2.0,[23](#prp2538-bib-0023){ref-type="ref"} nsSNPAnalyzer,[24](#prp2538-bib-0024){ref-type="ref"} PhD‐SNP,[25](#prp2538-bib-0025){ref-type="ref"} Panther,[26](#prp2538-bib-0026){ref-type="ref"} SNPs&GO,[27](#prp2538-bib-0027){ref-type="ref"} PROVEAN,[28](#prp2538-bib-0028){ref-type="ref"} and SIFT.[29](#prp2538-bib-0029){ref-type="ref"} We classified the nsSNPs as deleterious or nondeleterious by comparing the results obtained from all programs and when concordance was obtained for at least six of eight programs used. The prediction accuracy was improved by performing the concordance analysis of nsSNPs using the tools mentioned above.

2.3. Protein stability analysis {#prp2538-sec-0005}
-------------------------------

To evaluate the nsSNP‐induced changes on protein stability, we submitted the sequence and structure of hAOX1 to the following web servers: I‐Mutant 3.0 (sequence or structure‐based),[30](#prp2538-bib-0030){ref-type="ref"} INPS (sequence or structure‐based),[31](#prp2538-bib-0031){ref-type="ref"} DUET (structure based),[32](#prp2538-bib-0032){ref-type="ref"} SDM (structure based),[33](#prp2538-bib-0033){ref-type="ref"} mCSM (structure based),[34](#prp2538-bib-0034){ref-type="ref"} and MuPRO (sequence and structure‐based).[35](#prp2538-bib-0035){ref-type="ref"} The nsSNPs were predicted as destabilizing, stabilizing or neutral, in the last case if no effect on the protein structure was predicted, by comparing the values of the free energy change (ΔΔG) obtained by at least four of eight programs.

The datasets used for all predictor programs were obtained from ProTherm, which is a comprehensive collection of thermodynamic parameters for *wt* and mutant proteins database.[36](#prp2538-bib-0036){ref-type="ref"} It measures the free energy change value (ΔΔG) by computing the unfolding Gibbs free energy (ΔG) for the native form and subtracting it from that of the mutant form. The ΔΔG values are listed in Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"} in Supplement, but for clarity, only the output of I‐Mutant 3.0[30](#prp2538-bib-0030){ref-type="ref"} is described in the text, since this uses a structure‐based analysis. The basic methodology and web availability of each nsSNPs functional and stability analysis tools is explained in the supplementary section.

The 3D structure of hAOX1 *wt* was retrieved from Protein Data Bank \[[www.rcsb.org](http://www.rcsb.org)\] (PDB code 4UHW---substrate free form) and the missing regions---particularly the linker 1 region (residues 167‐230), were modeled using the program Modeller.[37](#prp2538-bib-0037){ref-type="ref"}

2.4. Localization of the nsSNPs in the crystal structure {#prp2538-sec-0006}
--------------------------------------------------------

All the nsSNPs predicted to be deleterious in at least six of eight different in silico tools used and found to be simultaneously validated in the NCBI‐dbSNP database, were mapped in the crystal structure of hAOX1 using Coot[38](#prp2538-bib-0038){ref-type="ref"} and PyMol.[39](#prp2538-bib-0039){ref-type="ref"} Also, the LigPlot program[40](#prp2538-bib-0040){ref-type="ref"} was used to identify all the residues interacting with the protein cofactors.

3. RESULTS {#prp2538-sec-0007}
==========

3.1. SNPs identification and stability analysis {#prp2538-sec-0008}
-----------------------------------------------

As to date, in the NCBI‐dbSNP database, a total of 769 SNPs was found in hAOX1, from which 526 belong to the nonsynonymous functional category and were further selected for the analysis (Figure [2](#prp2538-fig-0002){ref-type="fig"}A). Detailed experimental investigation for understanding the functional effects of all nsSNPs is a time‐consuming and cumbersome process. Bioinformatics tools were therefore used to identify and prioritize the significant and putative deleterious nsSNPs for further experimental studies. Deleterious nsSNPs may be responsible for inducing disease associated phenomena or structural alterations in proteins and their identification is possible through computational work. The accuracy for identifying the deleterious nsSNPs can be increased by combining the results provided by several different bioinformatics tools with a concordance analysis approach.[41](#prp2538-bib-0041){ref-type="ref"}

![Screening of hAOX1 nsSNPs available at the NCBI‐dbSNP data base using concordance analysis: (A) overall statistics; (B) prediction of putative phenotypic effects of 526 nsSNPs for hAOX1 using 8 programs. The nsSNPs were classified as deleterious (D) or nondeleterious (ND) if concordance in at least 6/8 programs was obtained. \* represents nonconclusive](PRP2-7-e00538-g002){#prp2538-fig-0002}

In this study, eight different computational programs were used to understand the functional consequences or putative phenotypic effects of the 526 nsSNPs. Because each algorithm uses different parameters to identify nsSNPs, only the ones considered as deleterious in at least six of the eight programs were selected for further analysis. By comparing the results obtained from the prediction tools, 119 nsSNPs were found to be deleterious and 92 nondeleterious (Figure [2](#prp2538-fig-0002){ref-type="fig"}A and B). The prediction results of remaining 315 nsSNPs are nonconclusive and hence they were excluded for further stability analysis. All the 119 deleterious variants are described in Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"}, including the Minor Allele Frequency (MAF) details and predicted ΔΔG values from all the programs.

To predict the protein stability‐changes induced by the presence of polymorphism in the 119 putative deleterious nsSNPs, we used a series of sequence and structure‐based stability prediction programs (six programs, eight outputs in total), as detailed in the Materials and Methods and Supplementary section. Stability analysis results showed that, out of the 119 deleterious variants, 104 might be responsible for destabilizing the protein structure. In contrast, five nsSNPs are predicted to have a stabilizing effect on the protein structure, namely T53I, H100L, Q776V, T1053I, and S1271L. Furthermore, G48V, H340Y, R906W, and S1194N variants do not seem to have any effect on protein structure stability and are considered neutral. Finally, the prediction was inconclusive for Q348R, G452R, G482E, T594M, T706I, and A1167V nsSNPs.

3.2. Structural localization of nsSNPs in hAOX1 {#prp2538-sec-0009}
-----------------------------------------------

In this study, of 119 putative deleterious nsSNPs, we analyzed only the 37 nsSNPs according to their location in the different domains (Figure [1](#prp2538-fig-0001){ref-type="fig"}). The remaining nsSNPs, located at the protein surface, are listed in Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"}. Figure [1](#prp2538-fig-0001){ref-type="fig"} depicts the approximate localization of some of the deleterious variants in the different domains and linker region of the hAOX1 3D structure as well as on the dimer interface. In the following sections, and whenever available, the predicted stabilities are compared with published experimental data on catalytic efficiencies, obtained for recombinant hAOX1 variants (Figures [3](#prp2538-fig-0003){ref-type="fig"}C, [4](#prp2538-fig-0004){ref-type="fig"}C, [5](#prp2538-fig-0005){ref-type="fig"}C).[13](#prp2538-bib-0013){ref-type="ref"}, [14](#prp2538-bib-0014){ref-type="ref"}, [15](#prp2538-bib-0015){ref-type="ref"}

![Location of nsSNPs in domain I of hAOX. Close‐up of the (A) \[2Fe‐2S\] I center (B) \[2Fe‐2S\] II center, the variant residues are marked with a \* and the corresponding nsSNPs represented in grey boxes. (C) In silico prediction results for the nine most relevant nsSNPs using: I‐Mutant (Structure input), 1; I‐Mutant (Sequence input), 2; INPS (Sequence input), 3; INPS (Structure input), 4; SDM (Structure input), 5; mCSM (Structure input), 6; Duet (Structure input), 7; MUpro (Sequence with Structure input), 8; and Consensus prediction, 9. The effect of the variant on the structure stability is depicted using color code: destabilizing variants in red, stabilizing variants in green and neutral variants in blue**.** Experimental data were obtained with the purified recombinant enzyme using a codon‐optimized construct, with the assumption that the enzyme efficiency in vivo shall be comparable](PRP2-7-e00538-g003){#prp2538-fig-0003}

![(A) Superposition of hAOX1 (PDB ID: [4UHW](http://www.rcsb.org/pdb/search/structidSearch.do?structureId=4UHW); blue) and mAOX3 (PDB ID: [3ZYV](http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3ZYV); pink) crystal structures at the FAD binding site (solvent view point). The FAD is represented color‐coded and correspond to the hAOX1 crystal structure. (B) Location of nsSNPs in domain II of hAOX1. (C) Stability prediction results of most relevant nsSNPs in domain II using: I‐Mutant (Structure input), 1; I‐Mutant (Sequence input), 2; INPS (Sequence input), 3; INPS (Structure input), 4; SDM (Structure input), 5; mCSM (Structure input), 6; Duet (Structure input), 7; MUpro (Sequence with Structure input), 8; and Consensus prediction, 9. The effect of the variant on the structure stability is depicted using color code: destabilizing variants in red, stabilizing variants in green, and neutral variants in blue. Experimental data were obtained with the purified recombinant enzyme using a codon‐optimized construct, with the assumption that the enzyme efficiency in vivo shall be comparable](PRP2-7-e00538-g004){#prp2538-fig-0004}

![Location of nsSNPs in Domain III of hAOX1 (A) Two dimensional representation of Moco in hAOX1 prepared by Ligplot.[40](#prp2538-bib-0040){ref-type="ref"} The variant residues are marked with a \* and the corresponding nsSNPs represented in grey boxes; (B) Representation of the Mo active site and surrounding residues in hAOX1, (C) In silico stability prediction results of nsSNPs in Domain III. Experimental data were obtained with the purified recombinant enzyme using a codon‐optimized construct, with the assumption that the enzyme efficiency in vivo shall be comparable](PRP2-7-e00538-g005){#prp2538-fig-0005}

### 3.2.1. nsSNPs at the hAOX1 domain I {#prp2538-sec-0010}

The hAOX1 domain I comprises two \[2Fe‐2S\] centers and the linker1 region (Figure [1](#prp2538-fig-0001){ref-type="fig"}). Our results show that there are 19 nsSNPs in domain I, corresponding to 16% of the total number of predicted deleterious variants (Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"}). These nsSNPs are located either at the surface of the protein or close/within the \[2Fe‐2S\] coordinating motifs: 16 variants are classified as destabilizing; 2 as stabilizing; and 1 as neutral.

Two of these nsSNPs correspond to Cys residues coordinating the Fe atoms from \[2Fe‐2S\] II, C44W and C52G (Figure [3](#prp2538-fig-0003){ref-type="fig"})A and B). Our bioinformatics analysis suggested that the C44W and C52G (prediction supported by 7/8 and 8/8 programs, respectively) are deleterious variants that affect the protein stability, with ΔΔG values of −0.26 and −1.22 kcal/mol, respectively (Figure [3](#prp2538-fig-0003){ref-type="fig"}C and Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"}). This is in agreement with previous experimental results where hAOX1‐C44W variant could not be produced by heterologous expression.[14](#prp2538-bib-0014){ref-type="ref"} The inability to synthesize a stable C44W protein variant can be explained by the fact that replacing Cys by a Trp residue results in loss of the FeS center incorporation, leading to an unstable form of the protein. Assembly of the FeS clusters is one of the first and crucial steps in protein maturation and its lack may lead to a structurally disordered enzyme, in which the cofactor cannot be inserted.[42](#prp2538-bib-0042){ref-type="ref"}

In domain I, we can also find nsSNPs vicinal to the FeS coordinating cysteines (G48V, G50D, T53I, N72K, and R150H/G) (Figure [3](#prp2538-fig-0003){ref-type="fig"}A and B). The G50D variant is predicted to be deleterious, showing a ΔΔG value of −0.71 kcal/mol, destabilizing the protein structure (6/8 programs) (Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"} and Figure [3](#prp2538-fig-0003){ref-type="fig"}C). This is in agreement with a recent study where this mutant was biochemically characterized showing similar Km values as the wild type, but 20% reduced activity towards oxidation reactions.[15](#prp2538-bib-0015){ref-type="ref"} The substitution of G50 by a larger, charged residue (Asp) would result in destabilization of the neighboring residues, with direct impact on Cys49 residue, which is coordinating \[2Fe‐2S\] II. The same study includes G46E variant, which also shows a similar Km but a 2‐fold increase in *k* ~cat~, suggesting that this variant does not have a negative effect on the protein.[15](#prp2538-bib-0015){ref-type="ref"}

Foti and coauthors suggested in 2017 that G46E gives rise to a variant with increased oxidation activity.[15](#prp2538-bib-0015){ref-type="ref"} Although the nature of the side chains of Gly and Glu residues are very different, and a large impact in the structure could have been anticipated, our in silico results predict that this nsSNP is nondeleterious, corroborating the experimental data.[15](#prp2538-bib-0015){ref-type="ref"} The loop that harbors G46 is in the electron path involving \[2Fe‐2S\] II and the Glu side chain might contribute to a faster electron flow.

The analysis of the N72K variant, also within the \[2Fe‐2S\] II coordination sphere, with a predicted ΔΔG of −0.48 kcal/mol (supported by 6/8 programs), suggests that this variant will probably alter not only the structure, but also the electrostatic potential of the cluster, probably influencing the electron transfer reaction. In this domain, and close to \[2Fe‐2S\] I, R150 generates two variants---R150H/G. This Arg residue is vicinal to the coordinating Cys149, at 8 Å from the pterin cofactor, and responsible for a salt bridge with E1218. Its mutation to a smaller residue (His or Gly) will prevent this type of interaction, probably destabilizing the cofactor‐binding region. The bioinformatics analysis here performed predicts that this mutation will have a deleterious effect, more pronounced for Gly than His residue, as suggested by the ΔΔG values obtained of −0.92 and −0.74 kcal/mol.

### 3.2.2. nsSNPs at the linker I {#prp2538-sec-0011}

Only the G177E nsSNPs was found to be in the linker1 region of the protein. In the hAOX1 crystal structure, this is a mobile region that could not be defined in the electron density map (residues 167‐199) and therefore the structural effect of this nsSNP cannot be anticipated by a simple structural analysis.[43](#prp2538-bib-0043){ref-type="ref"} However, according to this in silico tools, this nsSNP is deleterious and affects the stability of protein structure with the predicted ΔΔG value of −0.93 kcal/mol (Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"} in Supplement).

### 3.2.3. nsSNPs at the hAOX1 domain II {#prp2538-sec-0012}

The FAD cofactor in domain II of hAOX1 is responsible for transferring the electrons generated during the catalytic reaction to the terminal electron acceptor, which is molecular oxygen (Figure [1](#prp2538-fig-0001){ref-type="fig"}). A total of 21 nsSNPs were found to be located at the FAD domain, which corresponds to 18% of total number of predicted deleterious nsSNPs (Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"}). Of these, 17 variants are predicted to have a destabilizing effect on the protein structure, whereas only one (H340Y) corresponds to a neutral variant (Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"}). The prediction results of other 3 nsSNPs are nonconclusive (Q348R, G452R, and G482E).

Important variants of this domain are H358P and R429Q variants (Figure [4](#prp2538-fig-0004){ref-type="fig"}). H358 residue is located in the middle of an α‐helix and establishing H bonds with S366 residue and with two oxygen atoms (O2 and O4) from the FAD moiety. Replacement of this His by Pro residue will most probably disturb the α‐helix regular pattern and led to destabilization of the FAD cofactor. In the structure, R429 residue is opposite to H358, and H bonded to N3 and O4 atoms of the FAD, being involved in a salt bridge with D367 residue. These H358P and R429Q variants probably correspond to nonfunctional forms of hAOX1, and in silico prediction gives a ΔΔG value of −0.60 and −0.92 kcal/mol, respectively.

Other relevant nsSNPs in this region are R1231H and K1237N, which, although belonging to the Moco domain III, have in the hAOX1‐phthalazine‐thioridazine structure, the respective side chains at 7.2 Å and 6.8 Å from the FAD, respectively. The R1231H variant is located at the entrance of the FAD pocket and is part of a loop region (variable loop 2, T~1230~RGPDQ~1235~) that, in the human enzyme, is flipped almost 180° when compared to the corresponding loop in the mAOX3 and bovine XO structures (Figure [6](#prp2538-fig-0006){ref-type="fig"}). The R1231H and K1237N mutations produce much less active forms of the enzyme (with 2 and 3.5 times lower k~cat~ than the *wt* enzyme).[15](#prp2538-bib-0015){ref-type="ref"} The ΔΔG values here obtained (−0.66 and −1.13 kcal/mol) suggest a structure destabilization for both variants. The crystal structure of R1231H is currently under refinement and shall provide relevant input to better understand the possible implications of this nsSNP.

![Superposition of hAOX1 (PDB ID: [4UHW](http://www.rcsb.org/pdb/search/structidSearch.do?structureId=4UHW); blue), mAOX3 (PDB ID: [3ZYV](http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3ZYV); gray), bXO (PDB ID: [1FIQ](http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1FIQ); pink) and bXDH (PDB ID: [3UNI](http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3UNI); green) crystal structures at the FAD binding site](PRP2-7-e00538-g006){#prp2538-fig-0006}

Two nsSNPs, R433Q and A439E are part of the FAD variable loop 1 (Q~430~AQRQENALAI~440~), which is described in XO as responsible for the XO‐XDH inter‐conversion.[44](#prp2538-bib-0044){ref-type="ref"} These residues are conserved in mAOX3 and bXO/XDH, and the crystal structure of hAOX1 shows the side chain of R433 residue is H bonded to main chain atoms of the loop. Our in silico analysis suggests that these two variants (R433Q and A439E) will highly destabilize the protein (with ΔΔG values of −1.05 and −0.82 kcal/mol, respectively) and experimental data showed that R433P and A439E variants have decreased oxidation activity, with 4 and 5 times lower k~cat~ compared to the *wt* enzyme, respectively.[15](#prp2538-bib-0015){ref-type="ref"} The recent kinetic[15](#prp2538-bib-0015){ref-type="ref"} and structural (not published) data concerning the A437V and L438V nsSNPs from the variable loop 1 showed interesting results. Our computational studies predicted that these correspond to nondeleterious nsSNPs, which is in accordance with the steady‐state kinetic results that have shown that the Km values of the variants are comparable to that of the *wt*.[15](#prp2538-bib-0015){ref-type="ref"} In contrast, the value of k~cat~ resulted in a similar value for A437V, and a 1.2 increase for L438V.[15](#prp2538-bib-0015){ref-type="ref"} During the hAOX1 catalytic oxidation, reduction of oxygen species occurs, and H~2~O~2~ and O^2−^ are released.[45](#prp2538-bib-0045){ref-type="ref"}, [46](#prp2538-bib-0046){ref-type="ref"} The authors observed that a significantly increased rate of superoxide production was obtained for the L438V variant (72%).[15](#prp2538-bib-0015){ref-type="ref"}

In the FAD domain we can also find buried nsSNPs, located close to the FAD and to the \[2Fe‐2S\] I cluster, that destabilize the protein structure. This is the case of G346R variant, where the introduction of a bulky and charged side chain is predicted to have a deleterious effect (ΔΔG −0.05 kcal/mol). This prediction is in agreement with experimental data on G346R, whose catalytic activity is decreased (also 4 times lower k~cat~ when compared to *wt* enzyme).[15](#prp2538-bib-0015){ref-type="ref"} F396C, although at the surface of the protein, has its side chain pointing towards the FAD isoalloxazine ring, in a hydrophobic pocket. The destabilizing effect of this variant is predicted to be very pronounced, possibly promoting important conformational changes (with ΔΔG value of −1.42 kcal/mol).

### 3.2.4. nsSNPs at the hAOX1 domain III {#prp2538-sec-0013}

The majority of hAOX1 nsSNPs (65%) are located in the *C*‐terminal region of the Moco domain III, with 71 destabilizing variants and three stabilizing variants (Q776V, T1053I and S1271L). The prediction results of the three variants T594M, T706I, and A1167V in this domain are nonconclusive, while variants R906W and S1194N are predicted as neutral. The detailed results of this prediction are given in Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"} and Figure [5](#prp2538-fig-0005){ref-type="fig"}C.

The nsSNPs near the Moco active site and surrounding region are the most relevant ones for enzyme activity and substrate specificity. Some of these nsSNPs have been expressed and characterized, namely R802C, R921H, G1269R, and S1271L (Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"} and Figure [5](#prp2538-fig-0005){ref-type="fig"}C).[13](#prp2538-bib-0013){ref-type="ref"}, [14](#prp2538-bib-0014){ref-type="ref"} Interestingly, in the first report concerning the presence of nsSNPs in hAOX1, it was shown that the R802C nsSNP was predominantly purified in its monomeric form in solution, resulting in a higher proportion of the inactive form of the enzyme.[13](#prp2538-bib-0013){ref-type="ref"} Nevertheless, the catalytic efficiency of the dimeric portion of the protein was not affected and similar values were obtained in comparison to the *w*t hAOX1. In the hAOX1 crystal structure, residue R802 from chain B establishes a salt bridge with E765 residue from chain A, and this could explain why the R802C variant was predominantly obtained in its monomeric form. In fact, R802 residue gives rise to two variants, R802C and R802H, both predicted to destabilize the protein structure (ΔΔG of −0.58 and −0.79 kcal/mol, respectively), probably because the mutated side chains cannot promote inter‐molecular electrostatic interactions.

In the case of G1269R variant, experimental results have shown that, although metal analysis suggests that all cofactors are present, the enzyme is inactive.[14](#prp2538-bib-0014){ref-type="ref"} Gly1269 residue is located immediately before the catalytically essential Glu1270 and its modification to a large and positively charged residue as Arg, will likely promote large structural changes to allow accommodating the bulky side chain, affecting the interactions between the cofactor and the surrounding residues, hence impacting protein stability and lack of activity (ΔΔG: −0.76 kcal/mol).

The S1271L nsSNP, also adjacent to the catalytically essential Glu1270 residue, was so far identified to be heterozygous in all the tested individuals[13](#prp2538-bib-0013){ref-type="ref"} and, according to six of eight programs used, is predicted to be stabilizing the protein structure (Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"} and Figure [5](#prp2538-fig-0005){ref-type="fig"}C). Biochemical analysis and kinetic data however, showed that the resulting protein variant has similar characteristics to the *wt* enzyme. Also, the crystal structure of this variant, the first published structure of a hAOX1 nsSNP (PDB ID: [5EPG](http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5EPG)), showed no major structural deviations.[14](#prp2538-bib-0014){ref-type="ref"} S1089P is another destabilizing variant, with a predicted ΔΔG value of −0.75 kcal/mol. The hAOX1 crystal structure shows that Ser side chain is hydrogen bonded to Glu1270 residue and is part of the loop that surrounds the pyranopterin dithiolene moiety (S1086‐S1089). A Pro residue at this position is likely to disrupt the structure of the loop, and impair the intra‐molecular interactions required for cofactor stabilization.

Also, close to the Mo active site, we find R921H, G924A and A806V variants. R921 side chain is almost parallel to the pterin moiety of Moco (at *ca* 3‐4 Å) and is in disallowed regions of the Ramachandran plots of all XO family members' crystal structures. The ΔΔG value obtained for this residue (−0.76 kcal/mol), suggests that its substitution by a His residue will possibly prevent cofactor accommodation producing a less active enzyme. In the same loop, we find G924A, also a destabilizing variant (ΔΔG: −0.62 kcal/mol). A806 residue is positioned sideways to the pterin rings, H bonded to O4 atom via its amino group. In silico analysis suggests that its replacement by a larger residue will impact, although to less extent, the stability of the structure (ΔΔG = −0.44 kcal/mol).

Another interesting nsSNP at the active site is Q776V, but so far, no kinetic data are available. Q776 residue is a highly conserved residue among XO and AOX family members,[9](#prp2538-bib-0009){ref-type="ref"}, [47](#prp2538-bib-0047){ref-type="ref"}, [48](#prp2538-bib-0048){ref-type="ref"} that makes an H bond with the Mo apical oxygen ligand (2.9 Å) (Figure [5](#prp2538-fig-0005){ref-type="fig"}A and B). The substitution of Gln by a Val residue might influence the catalytic activity of the enzyme but not the structure of the protein, and according to our in silico results, this nucleotide change gives rise to a stabilizing nsSNP, but with no relevant effect on the protein structure (ΔΔG = 0 kcal/mol).

Domain III includes also the noncompetitive inhibition site, where thioridazine, and likely other phenothiazine family members, binds. One of the loops at the surface of the protein that accommodates the inhibitor contains S1060 residue and its variant S1060R is predicted as deleterious and structure destabilizing variant. Showing a high ΔΔG value (−0.94 kcal/mol), this variant\'s side chain will very likely unstructure the inhibitor pocket and decrease the binding affinity, influencing the inhibitory effect of this family of molecules.

Several nsSNPs were found to involve the same residue, namely: G741D/S, G746V/R, R802H/C, L914R/F, A1028P/V, R1109C/H, and E1170K/R (Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"}). Most of them are located in the Moco domain. This might be related with the mechanisms of mutation induction, and no further evidence could be found to explain this occurrence.

### 3.2.5. nsSNPs at the dimerization interface {#prp2538-sec-0014}

Several nsSNPs are found at the dimerization interface or very close to it: R32K, G595E, P762L, A1026T, A1028P/V, Y1033C, A1102D, and R1109C/H (Figure [1](#prp2538-fig-0001){ref-type="fig"} and Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"}). All these variants are predicted to be deleterious and destabilizing the structure of the protein, showing high ΔΔG values. It is worth mentioning R32K: in the crystal structure of hAOX1 its side chain while pointing towards the protein interior, is involved in a salt bridge with D601 and D602 residues of the same monomer and 8/8 programs suggest that its mutation to a Lys residue will have a deleterious effect. Although this variant corresponds to a mutation with an equally charged residue, its side chain is slightly shorter and with a higher degree of flexibility, which might be enough to diminish electrostatic interactions, unstructuring this region, and destabilizing the protein (Figure [3](#prp2538-fig-0003){ref-type="fig"}C and Table [S1](#prp2538-sup-0002){ref-type="supplementary-material"} in Supplement). N1135S variant, also located at the dimerization interface, was classified by Hartman et al as a fast metabolizer, producing a modest increase in the catalytic efficiency of the variant, although this effect was not observed across all tested substrates.[13](#prp2538-bib-0013){ref-type="ref"} N1135 establishes two H bonds with main chain atoms of S1137 and one with side chain atom of R1109 residue, but it is not involved in major inter‐molecular interactions*.* In agreement, our in silico analysis suggests that this nsSNP is nondeleterious, with no impact on the protein stability.

4. DISCUSSION AND CONCLUSIONS {#prp2538-sec-0015}
=============================

All residues located at the active site, near the protein cofactors, noncompetitive inhibition site, or in the electron transfer pathway, have a higher probability of affecting the enzyme activity or disrupting the protein secondary and/or tertiary structure, when replaced by a different residue. On the contrary, modification of residues located at the protein surface should cause no major impact on the overall structure, catalytic activity or substrate specificity of the enzyme. Several amino acid residues from hAOX1 have been identified as important for its putative biological function. In particular those located at the protein Mo active site, near the \[2Fe‐2S\] centers and FAD cofactor, as well as in the electron transfer path, also important for the enzyme\'s catalytic activity.[43](#prp2538-bib-0043){ref-type="ref"} Our systematic bioinformatics analysis reported 119 deleterious and 92 nondeleterious nsSNPs in hAOX1. Due to the very few studies on this enzyme, the MAF of 119 nsSNPs is less than 1% in the population. However, the obtained in silico data with reference to putative phenotypic and protein structure stability effects may suggest and led to further studies on site directed mutagenesis, biophysical, X‐ray crystallographic and pharmacogenetics characterization.

Consensus structure stability analysis results suggested that 4 variants do not have any impact on hAOX1 while 104 variants (out of 119) might be responsible for destabilizing the protein structure---in some cases inactivating the enzyme---whereas five variants enhance the stability. The prediction results of the remaining six nsSNPs are nonconclusive, requiring further studies. We inspected all 119 putative deleterious nsSNPs in the hAOX1 crystal structure and observed that most nsSNPs are located in domain III---the catalytic domain (90 kDa)---responsible for the substrate oxidation activity and enclosing the Mo active site. From their structural location, we considered only 37 nsSNPs for a more detailed analysis. From the crystal structure analysis, 8 nsSNPs are found in direct or close contact with the \[2Fe‐2S\] centers, 6 nsSNPs are found near the FAD cofactor and 12 nsSNPs are found at the Moco active site. Moreover, only one nsSNP is identified in linker 1 region (G177E) while 10 nsSNPs are located at the dimer interface. These are the most relevant nsSNPs that deserve further investigation.

The reported results provide new insights regarding the structural and functional impact of point mutations in hAOX1 secondary structure, overall fold and subunit interactions. They also provide hints for predicting the putative effect of the destabilizing nsSNPs upon cofactors stabilization, electron transfer pathway and substrate/inhibitor binding, and correlate with available, although scarce, biochemical and pharmacogenetic data.

To our knowledge, this study constitutes the first extensive analysis for the presence of nsSNPs in hAOX1. We believe that this preliminary investigation provides a systematic route for identification and prioritization of potentially important nsSNPs in hAOX1. It may thus be used, in combination with experimental screening, to select most promising destabilizing variants associated with hereditary disorder related to AOX or XO family members. This investigation will also facilitate future studies on pharmacogenomics and personalized medicine.
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